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© Apparatus for driving piezoelectric element for closing and opening valve member* 



© In an apparatus for driving a piezoelectric ele- 
ment (117) to close and open a valve member (103) 
by expanding and contracting a volume of a pres- 
sure chamber (11 3), at an initial stage of a closing 
state of the valve member, a higher voltage than a 
conventional charging voltage or a lower voltage 
than a conventional discharging voltage is applied to 
the piezoelectric element, to thus create an initial 
large closing force at the valve member. 
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APPARATUS FOR DRIVING PIEZOELECTRIC ELEMENT FOR CLOSING AND OPENING VALVE MEMBER 



BACKGROUND OF THE INVENTION 



1 . Field of the Invention 

The present invention relates to an apparatus 
for driving a piezoelectric element which is used as 
a fuel injection valve of a gasoline engine, a diesel 
engine, or the like. 



paratus for driving a piezoelectric element to close 
and open a valve member by expanding and con- 
tracting a volume of a pressure chamber, at an 
initial stage of a closing state of the valve member 
a higher voltage than a conventional charging volt- 
age or a lower voltage than a conventional dis- 
charging voltage is applied to the piezoelectric 
element, to thus create an initial large closing force 
in the valve member. 
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2. Description of the Related Art 



BRIEF DESCRIPTION OF THE DRAWINGS 



A high response characteristic piezoelectric 
element is applicable to an actuator of a fuel injec- 
tion apparatus of a gasoline engine, a diesel en- 
gine, and the like (see: Unexamined Japanese Pat- 
ent Publication (Kokai) Nos. 60-249877 and 62- 
17338). For example, in a fuel injection apparatus, 
a pressure chamber is linked to a controlled fuel 
passage, and a needle as a valve member is 
provided therebetween. Fuel is supplied from the 
controlled fuel passage, via a clearance of the 
needle, to the pressure chamber, and further, fuel 
is leaked from the pressure chamber, via the 
above-mentioned clearance, to the controlled fuel 
passage. In this fuel injection apparatus, a piezo- 
electric element is provided to expand and contract 
a volume of the pressure chamber, thereby closing 
and opening the needle. In the prior art, if this 
piezoelectric element is expanded and contracted 
by applying a positive voltage and a negative volt- 
age thereto, respectively, a definite positive voltage 
is applied to the piezoelectric element to expand it, 
i.e., contract the volume of the pressure chamber, 
thereby closing the needle, and a definite negative 
voltage is applied to the piezoelectric element to 
contract it, i.e., expand the volume of the pressure 
chamber, thereby opening the needle. 

In the above-mentioned prior art method for 
driving the piezoelectric element, however, if an 
opening state of the needle is very short, a large 
closing force cannot be generated at the needle, 
which may cause a secondary opening, such as a 
secondary injection, during a closing state, which 
will be later explained in more detail. 



SUMMARY OF THE INVENTION 

Therefore, an object of the present invention is 
to increase a closing force of the needle (valve 
member) during a closing state even when an 
opening time is short. 

According to the present invention, in an ap- 
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The present invention will be more clearly un- 
derstood from the description as set forth below, 
with reference to the accompanying drawings, 
wherein: 

Fig. 1 is a longitudinal cross-sectional view 
illustrating an example of a fuel injection apparatus 
where a piezoelectric element is used as an ac- 
tuator; 

Figs. 2 A and 2B are diagrams schematically 
showing the operation of the apparatus of Fig. 1 ; 

Figs. 3A, 3B, 4A, and 4B are timing dia- 
grams showing the operation of the apparatus of 
Fig. 1; 

Fig. 5 is a circuit diagram schematically illus- 
trating a basic configuration of an apparatus for 
driving an piezoelectric element according to the 
present invention; 

Figs. 6A and 6B are timing diagrams show- 
ing the operation of the circuit of Fig. 5; 

Fig. 7 is a circuit diagram illustrating a first 
embodiment of the apparatus for driving a piezo- 
electric element according to the present invention; 

Figs. 8A through 8D are timing diagrams 
showing the operation of the circuit of Fig. 7; 

Figs. 9A, 9B, and 9C are diagrams showing 
the states of the fuel injection apparatus of Fig. 1 
obtained by the operation of the circuit of Fig. 7; 

Fig. 10 is a circuit diagram showing a modi- 
fication of Fig. 7; 

Fig. 11 is a circuit diagram illustrating a 
second embodiment of the apparatus for driving a 
piezoelectric element according to the present in- 
vention; and, 

Figs. 12A through 12D are timing diagrams 
showing the operation of the circuit of Fig. 11. 



DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

First, a fuel injection apparatus according to the 
present invention, to which an apparatus for driving 
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a piezoelectric element is applied, will be explained 
with reference to Fig. t. That is, in Fig. 1 t reference 
101 indicates a nozzle body having an injection 
hole 102 in a pointed end thereof, and a needle 
(valve member) T03 is inserted into the no22ie 
body 101 to open and close the injection hole 102. 
The nozzle body 101 is fitted into a body 104, and 
fuel is supplied from a fuel inlet 105, a fuel pas- 
sage 107 having a blind plug 106, a fuel passage 
108, a fuel accumulating chamber 109, and a pres- 
sure accumulating chamber 110, to the injection 
hole 102. A tapered pressure suscepter 111 is 
formed in the needle t03, and when a fuel pres- 
sure is applied to the pressure suscepter 111, the 
needle 103 moves in the valve opening direction. 
The fuel accumulating chamber 109 is formed ar- 
ound the pressure suscepter 111. Formed between 
the upper portion of the needle 103 and the inner 
surface of the nozzle body 101 is a small clearance 

112 through which fuel is supplied from the fuel 
accumulating chamber 109 to a pressure chamber 

113 formed above the chamber 109. The pressure 
chamber 113 is located between a lower end of a 
piston 114 and a upper end of the body 104, and a 
fuel pressure within the pressure chamber 113 
serves as a force for moving the needle 103 up 
and down. The piston 114 is slidably mounted 
within a case 115 and is pushed up by a dish 
spring 116. Provided within the case 115 is an 
electroexpansive actuator 118 having an 
extensive/contractive laminated piezoelectric ele- 
ment 117. Also, a distance piece 119 is provided 
below the pressure chamber 111 to define and 
hold an opening position of the needle 1 03. For this 
purpose, a smaller opening than the perpendicular 
direction area of the pressure suscepter face 1 1 1 is 
provided in the distance piece 119. 

In the fuel injection apparatus of Fig. 1, fuel is 
supplied, via the fuel inlet 105 and the fuel pas- 
sages 107 and 108, to the fuel accumulating cham- 
ber 1Q9, and is further supplied, via the clearance 
112, to the pressure chamber 113 and the pressure 
accumulating chamber 110 on the side of the injec- 
tion hole 12. 

A closing state and an opening state of the fuel 
injection apparatus of Fig. 1 will be explained with 
reference to Figs. 2 A and 2B. Namely, when the 
piezoelectric element 117 is expanded, the pres- 
sure Pt of the pressure chamber 113 is rapidly 
increased to force the needle 103 down, and as a 
result the pressure Pt of the pressure chamber 
1 1 3 is reduced. As shown in Fig. 2A, in a closing 
state wherein the needle 103 closes the injection 
hole 102, a downward force received by the needle 
103 is expressed as. 
Pi x Ai 

where At is an upper area of the needle 103, and 
an upward force received by the needle 103 is 



expressed as, 
P 2 x A 2 

where Pz is a predetermined pressure of fuel, such 
as 200 kg/cm 2 , at the fuel inlet 105 from the fuel 
5 supply passage (not shown), and A 2 is an effective 
longitudinal area of the pressure suscepter 111. 
Therefore, since* Ai > -A 2 , then 
Pt x Ai > ?2 x A 2 , 

even when Pi = P 2 , whereby a closing state of 
io the needle 103 is maintained. On the other hand, 
when the piezoelectric element 117 is contracted, 
the pressure Pi of the pressure chamber 113 is 
rapidly reduced to allow the needle 103 to move 
upward, and accordingly, the pressure Pi of the 
15 pressure chamber 113 is increased. As shown in 
Fig. 2B, in a opening state of the needle 103, a 
downward force received by the needle -103 is 
expressed as, 
Pz x Ai ' 

20 where Ai ' is an area of an opening of the distance 
piece 119, and an upward force received by the 
needle 103 is expressed as, 
Pi x A 2 ' 

where A2 is an lower effective longitudinal area of 
25 the needle 103 including the pressure suscepter 
111, i.e., the upper effective area Ai , of the needle 
103. Therefore, since Ai < A2 ( = Ai), 
Pi xAi'> P2XA2' 

even .when Pi - Pz , and thus an opening state of 

30 the needle 103 is maintained. 

Accordingly, when the piezoelectric element 
117 is contracted, the needle 103 is forced upward 
by the fuel pressure received by the pressure 
suscepter 111, whereby the needle 103 allows an 

35 injection of fuel from the injection hole 102. Con- 
versely, when the piezoelectric element 117 is ex- 
panded, the pressure of the pressure chamber 113 
is increased to force the needle 103 down, so that 
the needle 103 is closed to complete the injection. 

40 Although the expansionat contraction of the pi- 

ezoelectric element 1 1 7 contributes to the 
descenVascent of the needle 103, a closing force 
of the needle 103 is dependent upon the leakage 
amount from the pressure chamber 113 due to the 

45 expansion of the piezoelectric element 1 17, and an 
opening force of the needle 103 is dependent upo.n 
the fuel inflow amount to the pressure chamber 113 
due to the contraction of the piezoelectric element 
117. To carry out this leakage and inflow of fuel, 

so flow, the volume V1 of the pressure chamber 113, 
including a space of an upper portion of the needle 
103 of Fig. 2A and the volume V 2 of the pressure 
chamber 1 1 3 of Fig. 2B satisfy: 
V1 < V 2 . 

55 For this purpose, the change of the volume of the 
pressure chamber 113 due to the 
expansion/contraction of the piezoelectric element 
117 is made larger than that due to the 
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ascent/descent of the needle 103. 

In the prior art, to drive the fuel injection ap- 
paratus of Fig. 1, a voltage V P2T as shown m Figs. 
3A, 3B, 4A, 4B is applied to the piezoelectric 
element 1 1 7. Here it is assumed that the piezoelec- 
tric element 117 is expanded by applying a posi- 
tive voltage thereto, and that the 'piezoelectric* ele- 
ment 117 is contracted by applying a negative 
voltage thereto. 

The point at which a closing time and an 
opening time are both sufficiently long is illustrated 
in Fig. 3A and 3B. Namely, when the voltage V PE t 
applied to the piezoelectric element 117 is +500 
V, the piezoelectric element 117 is expanded as 
shown in Fig. 3A, so that the needle 103 is in a 
closing state. In this case, fuel in the pressure 
chamber 113 is leaked via the clearance 1 12 of the 
needle 103, and finally, at a time ti , the pressure 
Pi of the pressure chamber 113 becomes equal to 
the pressure P2 (200 kg/cm 2 ) of the fuel accumulat- 
ing chamber 109. At this time, the volume of the 
pressure chamber 113 is Vi .as indicated in Fig. 
2A. Next, at a time ti , when the voltage V PZT 
applied to the piezoelectric element 117 is 
changed from + 500 V to -200 V, the piezoelectric 
element 117 is contracted so that the pressure Pi 
of the pressure chamber 113 is rapidly decreased* 
As a result, Pi < P2 , and this difference P2 - Pi 
contributes to a propulsive force of the needle 103. 
Therefore, the needle 1 03 moves upward as shown 
in Fig. 2B. At this time, the pressure Pi In the 
pressure chamber 113 rapidly approaches the rail 
pressure P2 . but the upper position of the needle 
103 is confined by the distance piece 119 so that 
Pi is maintained immediately before the rail pres- 
sure P2- At this time, the volume of the pressure 
chamber 1 1 3 is still almost V1 . Thereafter, fuel is 
allowed to flow via the clearance 112 to the pres- 
sure chamber 1 13, so that Pi gradually approaches 
the rail pressure Pa , and accordingly, the volume 
of the pressure chamber 113 is gradually changed 
from Vi to V2. Finally » at a time iz , Pi = P2 , and 
the volume of the pressure chamber 113 is V2. 
Namely, while fuel is supplied to the pressure 
chamber 113 and the volume thereof is changed 
from Vi to V 2 , the pressure Pi of the pressure 
chamber 113 is smaller than the rail pressure P, 
thus creating a large opening force at the needle 
103. 

Next, at a time t2 . when the voltage Vpzt 
applied to the piezoelectric element 117 is 
changed from -200 V to +500 V, the piezoelectric 
element 117 is expanded so that the pressure Pt 
of the pressure chamber 113 is rapidly increased. 
As a result Pi > P2 , and this difference: Pi ■ Pa 
contributes to a propufsive force at the needle 103. 
Therefore, the needle 103 is moved down as 
shown in Fig. 2B. At this time, the pressure Pi of 



the pressure chamber 113 rapidly approaches the 
rail pressure P2 , but the lower position of the 
needle 103 is confined by the injection hole 102 so 
that Pi is maintained immediately before the rail 

5 pressure Pa- At this time, the volume of the pres- 
sure chamber 1 13 is still almost V2. Thereafter, fuel 
is allowed ■ to 'flow" via the' clearance 112 from the 
pressure chamber 113, so that Pi gradually ap- 
proaches the rail pressure P2 . and accordingly, the 

10 volume of the pressure chamber 113 is gradually 
changed from Vz to Vi . Finally, Pi - P2 , and the 
volume of the pressure chamber 1 1 3 is Vi , Name- 
ly, while fuel is leaked and the volume is changed 
from Va to Vi , the pressure Pi in the pressure 

15 chamber 113 is larger than the rail pressure P 2 
thus creating a large dosing force at the needle 
103. 

Therefore, when a closing time and an opening 
time are both sufficiently large, the inflow of fuel to 

20 the pressure chamber 1 1 3 and the leakage of fuel 
from the pressure chamber 113 are as required, 
thus obtaining a large needle, closing force and a 
large needle opening force. 

In a fuel injection, however, an opening time 

25 {injection time) is much smaller than a closing time, 
and in this case, the driving state is as illustrated in 
Figs. 4A and 48. Namely, during a long closing 
time, fuel at the pressure chamber 113 is com- 
pletely leaked via the clearance 1 1 2 of the needle 

30 . 103, and at an end timing ti of this closing time Pi 
= P 2 . Contrary to this, during a short opening time, 
a predetermined rail pressure Pz is always op- 
erated at the fuel inlet 105, and the inflow of fuel 
via the clearance 1 12 to the pressure chamber 113 

35 is not sufficient. Therefore, even at an end timing ta 
of an opening time. Pi (chamber) < P2. In an 
extreme case, the volume of the pressure chamber 
113 is close to Vi Therefore, at a time t2, when the 
applied voltage V PZT is changed from -200 V to 

40 +500 V, a propulsive force is generated at the 
needle 103, but since the volume of the pressure 
chamber 113 immediately after the needle 103 
moves down is almost V t , the Pi of the pressure 
chamber 113 immediately after the descent of the 

46 needle 103 is almost Pa. Namely, even when a 
large voltage is applied to the piezoelectric element 
117 to close the needle 103, the fuel inflow amount 
is small during a short opening time. Therefore, 
after the needle 103 is closed, the leakage of fuel 

so is almost zero, and thus the Pi of the pressure 
chamber 113 is returned immediately to rail pres- 
sure P2. 

Therefore, when a piezoelectric element is ap- 
plied to a fuel injection apparatus having a short 
55 opening time, a large needle closing force can not 
be obtained, and accordingly, the needle 1^7 is 
forced upward due to a pressure wave by a water 
pulsive operation after the closing of the needle 
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103. thereby inviting a secondary injection, 

In Fig. 5, which illustrates a basic configuration 
for driving the piezoelectric element according to 
the present invention, a charging switching means 
B receives a DC output of a high DC voltage 
generating means A, to apply a high DC voltage to 
•the -piezoelectric element -1 17. and a discharging 
switching mean C discharges the piezoelectric ele- 
ment 117. In Fig. 5, a voltage gradually-decreasing 
means D or a voltage gradually-increasing means 
E is provided. If the piezoelectric element 117 is 
charged, so that a closing force is generated at the 
needle 103, the voltage gradually-decreasing 
means D is provided. In this case, the discharging 
switching means A charges the piezoelectric ele- 
ment 117 by a high voltage of the high voltage 
generating means A to apply a predetermined volt- 
age such as 600 V the piezoelectric e\ement 1 1 7. 
The voltage gradually-decreasing means D applies 
the initial voltage 600 V to the piezoelectric ele- 
ment 117. and thereafter, gradually decreases this 
voltage from 600 V to a predetermined voltage 
such as 500 V. 

The discharging switching means C discharges 
charges of the piezoelectric element 117. 

Next, if the piezoelectric element 117 is dis- 
charged, so that a closing force is generated at the 
needle 103, the voltage gradually-increasing means 
E is provided. That is, the discharging switching 
means C discharges charges of piezoelectric ele- 
ment to make a voltage of the piezoelectric ele- 
ment 117 a first predetermined voltage such as 
-300 V. The voltage gradually-increasing means E 
applies the initial voltage -300 V to the piezoelec- 
tric element 117, and thereafter, gradually in- 
creases this voltage from -300 V to a predeter- 
mined voltage such as -200 V. 

The operation of the apparatus of Fig. 5 pro- 
vided with the voltage gradually-decreasing means 
D is shown in Fig. 6A, and the operation of the 
apparatus of Fig. 5 provided with the voltage 
gradual ly~increasing means E is shown in Fig. 68. 

In both cases, an opening time is very short. 

At an end timing of a closing time, as shown in 
Fig. 6A, it is assumed that the piezoelectric ele- 
ment 117 has an expansion corresponding to 500 
V, and the volume of the pressure chamber 113 is 
Vi as indicated in Fig. 10(A). An opening valve 
time is short, and therefore, the inlet of fuel is 
almost 2ero, At an end time of the opening time, 
even when 500 V is applied to the piezoelectric 
element 117, the volume of the pressure chamber 
113 is almost Vi and Pt (chamber) is almost the 
rail pressure P2 . but as illustrated in Fig. 6 A, a 
higher charging voltage +600 V is applied to the 
piezoelectric element 117 at an initial stage of the 
closing time, so that the amount of expansion of 
the piezoelectric element 117 in the closing direc- 



tion of the needle 103 is larger than the amount of 
contraction of the piezoelectric element 117 in the 
opening direction of the needle 103. As a result a 
larger closing force is generated at the needle 103. 

s A secondary opening occurs simultaneously when 
the needle 103 is closed, and such a larger closing 
* force becomes unnecessary- after the closing of the 
needle 103. Therefore, the applied voltage V Pzr 'S 
gradually changed from +600 V to + 500 V. During 

70 a relatively long closing time, the needle 103 is 
remains in a closing state, due to the construction 
thereof, even when Pt - Pz. 

Similarly, in Fig. 6B, a larger discharging volt- 
age -300 V is applied to the piezoelectric element 

rs 117 at an initial stage of the closing time, so that 
the amount of expansion of the piezoelectric ele- 
ment 117 in the closing direction of the needle 103 
is larger than the amount of contraction of the 
piezoelectric element 117 in the opening direction 

20 of the needle 103. As a result, a larger closing 
force is generated at the needle 103. 

At an initial stage of a closing time, even when 
a larger voltage (+6O0 V) or a smaller voltage (- 
300 V) is applied to the piezoelectric element 117 r 

25 there is little leakage of fuel from the pressure 
chamber 113. For this purpose, when the above- 
mentioned voltage + 600 or -300 is returned imme- 
diately to +500 or -200 V f Pt of the pressure 
chamber 113 becomes lower than the rail pressure 

30 P2 , to make it difficult to maintain a closing state 
per se. For this purpose, a gradual change of the 
voltage is carried out by the voltage gradually- 
decreasing means D or the voltage gradually-in- 
creasing means E. In Fig. 7, which illustrates a first 

35 embodiment of the driving apparatus of a piezo- 
electric element according to the present invention, 
it is assumed that, when the piezoelectric element 
117 is charged, the element 117 is expanded to 
carry out a closing operation. Reference 1 des- 

40 ignates a 1 2 V battery which supplies power via an 
ignition switch 2 to a high DC voltage generating 
circuit 3. This high DC voltage generating circuit 3 
converts the battery voltage 12 V into a voltage of 
300 V or the like, and applies it to a condenser 4. 

45 The high DC voltage generating circuit 3 is 

formed by a high frequency oscillation circuit 31 , a 
step-up transformer 32 as a step-up circuit, a tran- 
sistor 33 for turning ON and OFF the primary coil 
of the step-up transformer 32, and a diode 34 for 

50 supplying a positive voltage generated in the sec- 
ondary coil of the step-up transformer 3a to a 
condenser 4. 

Also, a fchyristor 51 and a coil 52 are provided 
as a charging switching circuit 5, and a thyristor 61 

55 and a coil 62 are provided as a discharging circuit 
6. The thyristor 51 is turned ON by a closing 
ignition signal (pulse) Si , and the thyristor 61 is 
turned ON by a opening ignition signal (pulse) S2. 
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The coil 52 is used for forming an LC oscilla- 
tion circuit. Therefore, when the thyristor 51 is 
turned ON, an LC oscillation circuit is formed by 
the condenser 4, the coil 52, and the piezoelectric 
element 117, thereby enhancing the reduction of 
the voltage of the condenser 4 and the increase of 
the voltage of the piezoelectric element 117. There- 
after, the thyristor 51 is turned OFF by natural 
commutation. As a result the charged voltage of 
the piezoelectric element 1 1 7 is higher than the 
voltage 300 V of the condenser 4; for example, is 
600 V. 

The coil 62 is also used for forming an LC 
oscillation circuit. Therefore, when the thyristor 61 
is turned ON, an LC oscillation circuit is formed by 
the coil 62 and the piezoelectric element 5, thereby 
enhancing the reduction of the voltage of the piezo- 
electric element 117. Thereafter, the thyristor 61 is 
turned OFF by natural commutation. As a result, 
the discharged voltage of the piezoelectric element 
117 becomes lower than the earth voltage (0V), for 
example, is -200 V. 

Reference 7 designates a voltage gradually- 
decreasing circuit which includes a Zener diode 71 , 
a reverse current avoiding diode 72, and a resistor 
73 for delaying a current flowing through the Zener 
diode 71 . 

The operation of the circuit of Fig. 7 will be 
explained with reference to Fogs. 8A through 8D, 
and Figs. 9A. 9B, and 9C. 

In the high DC frequency generating circuit 3, 
the transistor 33 is turned ON and OFF by the 
pulse signal of the high frequency oscillation circuit 
■31, a primary current flows through the primary coil 
of the step-up transformer 32 when the transistor 
33 is turned ON, and accordingly, magnetic flux 
energy is accumulated in the core of the trans- 
former. Next when the transistor 33 is changed 
from an ON state to an OFF state, the above- 
mentioned accumulated magnetic flux energy ap- 
pears as a generated voltage, such as 300 V t in the 
secondary coil of the step-up transformer 32 in 
accordance with Faraday's law. When the pulse 
duration of the pulse signal of the high frequency 
oscillation circuit 31 is definite, this generated volt- 
age is definite. This generated voltage is accu- 
mulated via the diode 34 in the condenser 4, and 
after a certain time has passed, the voltage of the 
condenser 4 becomes equal to the generated volt- 
age 300 V of the secondary coil of the step-up 
transformer 32. At this time, the amount Q of 
charges accumulated at the condenser 4 
(capacitance C) is 
Q = C x 300 V- 

At this time, or at a subsequent predetermined 
timing, the CPU (not shown) generates a closing 
signal Si and the thyristor 51 is turned ON, where- 
by an LC oscillation circuit is formed by the con- 



denser 4, the coil 52. and the piezoelectric element 
117. Therefore, charges accumulated in the con- 
denser 4 are moved to the piezoelectric element 
117, to charge same. In this case, due to the 

6 presence of the above-mentioned LC oscillation 
circuit, the terminal voltage V P zr of the piezoelec- 
tric element 117 becomes higher than the final 
voltage of the condenser 4, as shown in Fig. 8C 
and becomes, for example, 600 V, and thereafter 

70 the thyristor 51 is turned ON by natural com- 
mutation. 

When the terminal voltage Vpzt of the piezo- 
electric element 117 is 600 V so that fuel is com- 
pletely leaked, the state of the fuel injection ap- 

75 paratus of Fig. 1 is illustrated in Fig. 9 A, and the 
volume Vo of the pressure chamber 113 is smaller 
than the volume Vi of Fig. 2A. Namely, if there is 
no leakage of -fuel during an opening time, the 
volume Vi of the pressure chamber 113 in, a clos- 

20 ing state of Fig. 9B is about the same as the 
volume V2 of the pressure chamber 113 in an 
opening state of Fig. 9C, i.e.. 

Therefore, at a closing initial stage, the volume of 

25 the pressure chamber 113 is about the same as 
the volume Vt at an end timing of an closing stage, 
but the volume V will become equal to v*i , thus 
creating a large closing force. That is, the dif- 
ference between the applied voltage +500 V at an 

30 end timing of a closing state and the applied volt- 
age + 600 V at an initial stage of an closing state, 
generates a large closing force at the needle 103. 

As explained above, charges accumulated in 
the piezoelectric element 117 are gradually dis- 

35 charged by the voltage gradually-decreasing circuit 
7. Namely, the terminal voltage V PZ r of the piezo- 
electric element 117 is gradually reduced from 
+ 600 V to +500 V, depending upon a time con- 
stant determined by the circuit 7 and the piezo- 

40 electric element 117, and thereafter, this voltage 
becomes stable. Therefore, when the terminal volt- 
age V P2T is + 500 V, Pi - P2. Also, since the 
volume V of the pressure chamber 113 is almost 
Vi , a subsequent application of +600 V can again 

45 generate a large closing force. 

When the terminal voltage V>zt of the piezo- 
electric element 117 becomes 500 V, the fuel injec- 
tion apparatus of Fig. 1 becomes in a state as 
shown in Fig. 9B (fig. 2A), i.e.. P^ - P 2 , but the 

so closing force of the needle 103 is maintained as 
explained above. 

In the above-mentioned state, after a predeter- 
mined time has passed, when the CPU generates 
opening ignition signal S2 . the thyristor 61 is 

ss turned ON, so that an LC oscillation circuit is 
formed by the piezoelectric element 117 and the 
coil 62, and thus charges accumulated in the pi- 
ezoelectric element T17 are discharged. In this 
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case, due to the presence of the above-mentioned 
LC oscillation circuit the terminal voltage Vpzt of 
the piezoelectric element 117 becomes lower than 
0 V, for example, becomes -200 V, and thereafter 
the thyristor 61 is turned ON by natural com* 
mutation. 

As a result, the injection apparatus of Fig. 1 
becomes in a state as shown in Fig. 9C (which is 
the same, as Fig. 2B). 

Namely, the displacement of the piezoelectric 
element 117 is L at a final stage of a closing state, 
compared with an opening state, and at an initial 
stage of a closing state, this displacement will 
become L + AL, which increases the closing force 
at the needle 1 03. 

Thus, by the circuit of Rg. 7, since the volume 
of the pressure chamber 117 will be increased at 
an initial stage of a charging state, the closing force 
at the needle 103 is increased. Note that only the 
voltage gradually-decreasing circuit 7 is added, and 
the signals Si and S2 for controlling the circuit of 
Fig. 7 are generated in the same manner as in the 
prior art driving apparatus not provided with the 
circuit 7, 

Figure 10 shows a modification of Fig. 3, in 
which the voltage gradually-decreasing circuit 7 is 
modified. That is. in Fig. 10, a voltage gradually- 
decreasing circuit 7 is connected between a 
positive-potentiai-side terminal of the condenser 4 
and a positive-potential side terminal of the piezo- 
electric element 117, and thus the discharging en- 
ergy of the terminal voltage Vpzt of the piezoelec- 
tric element 117 from +600 V to +500 V is 
regenerated at the condenser 4 as a DC high 
power supply source. This is advantageous from 
the point of a consumption of power, compared 
with the circuit of Fig. 7. 

In Fig. 11, which illustrates a second embodi- 
ment of the driving apparatus of a piezoelectric 
element according to the present invention* it is 
assumed that when the piezoelectric element 1 17 
is discharged, the element 117 is expanded to 
carry out a valve closing operation, as in Japanese 
Utility Model Publication No. 63^24362. Namely, 
instead of the voltage gradually-decreasing circuit 7 
of Fig. 7, there is provided a voltage gradually- 
increasing circuit 8 which includes a Zener diode 
81. a reverse current avoiding diode 82, and a 
resistor 83 for delaying a current flowing through 
the Zener diode 81, and the closing pulse S, is 
applied to the thyristor 61, and the opening pulse 
S2 is applied to the thyristor 51 . 

In Fig. 1 1 , when the thyristor 51 of the chang- 
ing circuit 5 is turned ON, an LC oscillation circuit 
is formed by the condenser 4, the piezoelectric 
element 117, and the coil 52, thereby increasing 
the voltage Vprr of the piezoelectric element 117 at 
+ 500 V, and when the thyristor 61 is turned ON, 



an LC oscillation circuit is formed by tie piezoelec- 
tric element 117 and the coil 62, to reduce the 
voltage V PZ t of the piezoelectric element 117 at 
-300 V. Further, the Zener voltage of the Zener 

s diode 81 of the voltage charging circuit 8 is 200 V. 

The operation of the circuit of Fig. 11 will be 
explained with reference to Figs. 12A through 120. 

Where the terminal voltage V P2T of the piezo- 
electric element 117 is 500 V, when the CPU 

to generates a closing ignition signal Si , the thyristor 
61 is turned ON, an LC oscillation circuit is formed 
by the piezoelectric element 117 and the coil 62, 
and thus charges accumulated in the piezoelectric 
element 117 are discharged. In this case, as shown 

is in Fig. 12C, due to the presence of the above- 
mentioned LC oscillation circuit, the terminal volt- 
age Vpzt of the piezoelectric element 117 becomes 
lower than 0 V, for example, becomes -300 V, and 
thereafter, the thyristor 61 is turned ON by natural 

20 commutation. When the terminal voltage V P2T of 
the piezoelectric element 5 is -300 V so that fuel is 
completely leaked, the state of the fuel injection 
apparatus of Fig. 1 is illustrated in Fig. 9A, and the 
volume Vo of the pressure chamber 113 is smaller 

23 than the volume Vi of Fig. 2A. That is, if there is 
no leakage of fuel, during an opening time, the 
volume Vi of the pressure chamber 113 in a clos- 
ing state of Fig. 98 is about the same as the 
volume V2 of the pressure chamber 113 in an 

30 opening state of Fig. 9C, i.e., 
Vi ~V 2 

Therefore, at a closing initial stage, the volume of 
the pressure chamber 113 is about the same as 
the volume Vi at an end timing of a closing stage, 

ss but the volume V is going will become equal to Vi 
(Fig. 9A), thus creating a large closing force at the 
needle 103. That is the difference the between 
applied voltage -300 V at an end timing of a 
closing state and the applied voltage -200 V at an 

40 initial state of a closing state generates a large 
closing force at the needle 1 03. 

As explained above, negative charges accu- 
mulated in the piezoelectric element 117 are 
gradually discharged by the voltage graduaily-in- 

45 creasing circuit 8. Namely, the terminal voltage 
Vpzt of the piezoelectric element 117 is gradually 
increased from -300 V to -200 V depending upon a 
time constant determined by the circuit 8 and the 
piezoelectric element 117, and thereafter, this volt- 

so age becomes stable. Therefore, when the terminal 
voltage Vpz/is -200 V, Pi « P2. Also, since the 
volume V of the pressure chamber 113 is almost 
Vi , a next application of -300 V can again gen- 
erate a large closing force. 

65 When the terminal voltage Vpzt of the piezo- 

electric element 117 becomes -200 V, the injection 
apparatus of Fig. 1 becomes in a state as shown in 
Fig. 9B ( i.e., Pi = P2 , but the closing force at the 
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needle 103 is maintained as explained above, 

In the above-mentioned state, after a predeter- 
mined time has passed, the CPU generates an 
opening signal S2 . the thyristor 51 is turned ON, 
and thus an LC oscillation circuit is formed by the 
condenser 4, the coil 52, and the piezoelectric 
element 1 1 7, charge the piezoelectric element. In 
this case, due to the presence of the above-men- 
tioned LC oscillation circuit, the terminal voltage 
V PZT of the piezoelectric element 117 becomes 
higher than 300 V, as shown in Fig. 12D, and 
becomes, for example, 300 V, and thereafter, the 
thyristor 51 is turned ON by natural commutation. 

As a result, the injection valve becomes in a 
state as shown in Fig. 9C (which is the same as 
Fig. 2B). 

Therefore, in the same way as in the first 
embodiment, the displacement of the piezoelectric 
element 1 1 7 is L at a final stage of a closing state 
(compared with an opening state), and at an initial 
stage of a closing state, this displacement will 
become L + AL, which increases the closing force 
at the needle 103. Note that only the voltage 
gradually-increasing circuit 8 is added, and the 
signals Si and S2 for controlling the circuit of Fig. 
11 are generated in the same manner as in the 
prior art driving apparatus not provided with the 
circuit 8. 

As explained above, according to the present 
invention, the closing force at the needle (valve 
member) can be increased at an initial stage* of a 
closing state, thereby avoiding the ascent of the 
valve member due to pressure wave by a water 
pulsive operation or the like, and avoiding a secon- 
dary injection when the present invention is applied 
to a fuel injection apparatus. 

In an apparatus for driving a piezoelectric ele- 
ment (117) to close and open a valve member 
(103) by expanding and contracting a volume of a 
pressure chamber (113), at an initial stage of a 
closing state of the valve member, a higher voltage 
than a conventional charging voltage or a lower 
voltage than a conventional discharging voltage is 
applied to the piezoelectric element, to thus create 
an initial large closing force at the valve member. 



Claims 

1 . An apparatus for driving a piezoelectric ele- 
ment (1 17) to expand and contract a volume of a 
pressure chamber (113) which is linked via a clear- 
ance (112) of a valve member (103) to a controlled 
liquid passage (109), to thereby close and open 
said valve member, comprising: 
a high DC voltage generating means (1, 2, 3, 4); 
a charging switching means (5), connected to said 
high DC voltage generating means and said piezo- 



electric element, for charging said piezoelectric 
element by a high voltage of said high DC voltage 
generating means to apply a first predetermined 
voltage to said piezoelectric element, to thereby 

5 close said valve member; 

a voltage gradually-decreasing means (7, 7'), con- 
nected to said piezoelectric element, for gradually 
decreasing a voltage of said piezoelectric element 
from said first predetermined voltage to a second 

70 predetermined voltage lower than said first pre- 
determined voltage; and 

a discharging switching means (6), connected to 
said piezoelectric element, for discharging charges 
accumulated in said piezoelectric element, to there- 
rs by open said valve member* 

2. An apparatus as set forth in claim 1, wherein 
a voltage decreasing operation of said voltage 
gradually-decreasing means is carried out within an 
initial stage of a closing state of said valve member 

20 and is complete before an opening state thereof. 

3. An apparatus as set forth in claim 1, wherein 
said voltage gradually-decreasing means com- 
prises: 

a constant voltage means (71, 71 ) which is turned 
25 ON when the voltage of said piezoelectric element 
is higher than said second predetermined voltage; 
and 

a delay means (73, 73'), connected to said con- 
stant voltage means, for delaying a current flowing 
30 through said constant voltage means. 

4. An apparatus as set forth in claim 1, wherein 
said voltage gradually-decreasing means is con- 
nected to said high DC voltage generating means, 
thereby regenerating charges accumulated in said 

35 piezoelectric element in said high DC voltage gen- 
erating means. 

5. An apparatus as set forth in claim 3, wherein 
said constant voltage means comprises a Zener 
diode. 

40 6. An apparatus as set forth in claim 3, wherein 

said delay means comprises a resistor. 

7. An apparatus as set forth in claim 1, wherein 
said high DC voltage generating means comprises; 
a battery (1); 

45 a DC/DC converter (3), connected to said battery, 
for generating a DC output; and 
a condenser (4), connected to said DC/DC con- 
verter, for accumulating the DC output thereof. 

8. An apparatus as set forth in claim 7, wherein 
so said charging switching means comprises; 

a charging thyristor (51) and a coil (52) connected 
in series between said condenser and said piezo- 
electric element, 

an LC oscillation circuit being formed by said con- 
55 denser, said coil, and said piezoelectric element to 
charge said piezoelectric element, to thereby gen- 
erate said first predetermined voltage, when said 
charging thyristor is turned ON by a closing signal 
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(Si). 

9. An apparatus as set forth in claim 1 , wherein 
said discharging switching means comprises: 

a discharging thyristor (61) and a coil (62) con- 
nected in series and connected in parallel with said 
piezoelectric element, 

an LC oscillation circuit being formed by said coil 
and said piezoelectric element, to discharge the 
charges accumulated therein when said discharg- 
ing thyristor is turned ON by an opening signal 
(Sa). 

10. An apparatus for driving a piezoelectric 
element (1 1 7) to expand and contract a volume of 
a pressure chamber (113) which is linked via a 
clearance (112) of a valve member (103) to a 
controlled liquid passage (109), to thereby close 
and open said valve member, comprising: 

a high DC voltage generating means (1, 2, 3, 4); 
a charging switching means (5), connected to said 
high DC voltage generating means and said piezo- 
electric element, for charging said piezoelectric 
element by a high voltage of said high DC voltage 
generating means, to thereby open said valve 
member; 

a discharging switching means (6), connected to 
said piezoelectric element, for discharging charges 
accumulated in said piezoelectric element to apply 
a first predetermined voltage to said piezoelectric 
element to thereby close said valve member; and 
a voltage gradually-increasing means (8), connect- 
ed to said piezoelectric element, for gradually in- 
creasing a voltage of said piezoelectric element 
from said first predetermined voltage to a second 
predetermined voltage higher than said first pre- 
determined voltage. 

11. An apparatus as set forth in claim 10, 
wherein a voltage increasing operation of said volt- 
age gradually-increasing means is carried out with- 
in an initial stage of a closing state of said valve 
member and is complete before an opening state 
thereof. 

12. An apparatus as set forth in claim 10, 
wherein said voltage gradually-increasing means 
comprises: 

a constant voltage means (81) which is turned ON 
when the voltage of said piezoelectric element is 
lower than said second predetermined voltage; and 
' a delay means (83) t connected to said constant 
voltage means, for delaying a current flowing 
through said constant voltage means. 

13. An apparatus as set forth in claim 12, 
wherein said constant voltage means comprises a 
Zener diode. 

14. An apparatus as set forth in claim 12, 
wherein said delay means comprises a resistor. 

15. An apparatus as set forth in claim 12, 
wherein said high DC voltage generating means 
comprises: 
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a battery (1); 

a DC/DC converter (3), connected to said battery, 
for generating a DC output; and 
a condenser (4), connected to said DC/DC con- 
5 verter, for accumulating the DC output thereof. 

16. An apparatus as set forth in claim 15, 
wherein said charging switching means comprises: 
a charging thyristor (51) and a coil (52) connected 
in series between said condenser and said piezo- 

/o electric element 

an LC oscillation circuit being formed by -said con- 
denser, said coil, and said piezoelectric element, to 
change said piezoelectric element, when said 
charging thyristor is turned ON by a opening signal 

rs (S 2 ), 

17. An apparatus as set forth in claim 10, 
wherein said discharging switching means com- 
prises: 

a discharging thyristor (61) and a coil (62) con- 
so nected in series and connected in parallel with said 
piezoelectric element, 

an LC oscillation circuit being formed by said coil 
and said piezoelectric element, to discharge the 
charges accumulated therein, to thereby apply said 
26 first predetermined voltage to said piezoelectric 
element, when said discharging thyristor is turned 
ON by a closing signal (Si ). 



30 



35 



40 



45 



50 



55 



9 



EP 0 379 182 A2 



114 



116 




105 



106 



EP 0 379 182 A2 



Fig. 2 A 



117 



Vi 



'///////, 

- . ■ - . f---* ---*-*■ 



113 




A 2 (H1) 



Fig.2B 



113 




103 

a' 2 (=a 1 )- /1 



BP 0 379 182 A2 




BP 0 379 182 A2 





EP 0 379 182 A2 



SNV3IAI 
9NIH01IMS 
9N19iJVH0Sia 



u: 



OQ 



1— i ^3 — K i— 



*J 



SNV3IAI 
9NIHDJ.IMS 
ONIOid VHO 





i 


l 


< 


SNV3IAI TV39 




30VJ.10A 




OQ H9IH 



rO tn 

7 2 
1 



CD 
O 



CVJ 
0) — 



EP 0 379 182 A2 




3 

O 





CM 

CO 


> to 


CO 


CQ 
00 


00 


F/g 


• -> 

u: 


Cn 
IT 




> o 

8 

CM 



cn 



M 

-CM 
CL 



CM 



Q 

CO 




EP 0 379 182 A2 



u: 



a"' 



CM ~ 



en 



CD 



UJ 
CL 
O 



UJ 
CO 



— 



1 




CD 

s UJ 

o < 

_J 1— 



\3-; 

i 



F 

y 2 



.< 



1 



CO o 



< 
I— 



CO 
Q 



Lu 
O 



O 

CO 

o 

DL 



EP 0 379 182 A2 




